Membrane curvature and the Tol-Pal complex determine polar localization of the chemoreceptor Tar in <em>E. coli</em> by Saaki TNV et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Newcastle University ePrints - eprint.ncl.ac.uk 
 
Saaki TNV, Strahl H, Hamoen LW.  
Membrane curvature and the Tol-Pal complex determine polar localization of 
the chemoreceptor Tar in E. coli.  
Journal of Bacteriology 2018 
DOI: https://doi.org/10.1128/JB.00658-17 
 
 
 
Copyright: 
© 2018 American Society for Microbiology. All Rights Reserved. 
DOI link to article: 
https://doi.org/10.1128/JB.00658-17  
Date deposited:   
15/02/2018 
Embargo release date: 
20 August 2018  
 1 
Membrane curvature and the Tol-Pal complex determine polar 1 
localization of the chemoreceptor Tar in E. coli 2 
 3 
 4 
Terrens N. V. Saaki 1, Henrik Strahl 2, Leendert W. Hamoen 1,# 5 
 6 
 7 
 8 
1 Swammerdam Institute for Life Sciences, University of Amsterdam, Science Park 904, 9 
1098 XH Amsterdam, The Netherlands 10 
2 Centre for Bacterial Cell Biology, Institute for Cell and Molecular Biosciences, Newcastle 11 
University, Newcastle NE2 4AX, United Kingdom 12 
 13 
# For correspondence: L. W. Hamoen, Email: l.w.hamoen@uva.nl, Tel.: 0031-615085377 14 
 15 
Running title: Membrane curvature and Tol-Pal drive Tar localization 16 
 2 
Abstract 17 
 18 
Chemoreceptors are localized at the cell poles of Escherichia coli and other rod-shaped 19 
bacteria. Over the years different mechanisms have been put forward to explain this polar 20 
localization; from stochastic clustering, membrane curvature driven localization, interactions 21 
with the Tol-Pal complex, to nucleoid exclusion. To evaluate these mechanisms, we 22 
monitored the cellular localization of the aspartate chemoreceptor Tar in different deletion 23 
mutants. We did not find any indication for either stochastic cluster formation or nucleoid 24 
exclusion. However, the presence of a functional Tol-Pal complex appeared to be essential 25 
to retain Tar at cell poles. Interestingly, Tar still accumulated at midcell in tol and in pal 26 
deletion mutants. In these mutants, the protein appears to gather at the base of division 27 
septa, a region characterised by strong membrane curvature. Chemoreceptors, like Tar, 28 
form trimer-of-dimers that bend the cell membrane due to a rigid tripod structure. The 29 
curvature approaches the curvature of the cell membrane generated during cell division, and 30 
localization of chemoreceptor tripods at curved membrane areas is therefore energetically 31 
favourable as it lowers membrane tension. Indeed, when we introduced mutations in Tar that 32 
abolish the rigid tripod structure, the protein was no longer able to accumulate at midcell or 33 
cell poles. These findings favour a model where chemoreceptor localization in E. coli is 34 
driven by strong membrane curvature and association with the Tol-Pal complex. 35 
 36 
Importance 37 
Bacteria have exquisite mechanisms to sense and to adapt to the environment they live in. 38 
One such mechanism involves the chemotaxis signal transduction pathway, in which 39 
chemoreceptors specifically bind certain attracting or repelling molecules and transduce the 40 
signals to the cell. In different rod-shaped bacteria, these chemoreceptors localize 41 
specifically to cell poles. Here, we examined the polar localization of the aspartate 42 
chemoreceptor Tar in E. coli, and found that membrane curvature at cell division sites and 43 
the Tol-Pal protein complex, localize Tar at cell division sites, the future cell poles. This 44 
 3 
study shows how membrane curvature can guide localization of proteins in a cell. 45 
 46 
 4 
Introduction 47 
 48 
Bacteria use specific chemotaxis systems to sense chemical changes in their environment 49 
and respond accordingly. One of the best-known systems is that of Escherichia coli, which 50 
comprises five different membrane spanning chemoreceptors. The cytoplasmic domains of 51 
chemoreceptors associate with the adaptor protein CheW and with the histidine kinase 52 
CheA. The presence of repellents or absence of attractants results in increased CheA 53 
activity and subsequent increased levels of phosphorylated CheY, which acts on the flagellar 54 
motor to change rotation direction. Sensitivity of the chemoreceptors is tuned by methylation 55 
and demethylation for which the methylesterase CheB and methyltransferase CheR are 56 
responsible. The chemoreceptors are therefore also referred to as methyl-accepting 57 
chemotaxis proteins or MCPs. For an in-depth review on the chemotaxis system see e.g. (1, 58 
2). 59 
 MCPs form large protein clusters together with CheW, -Y, -A, -B and –R at the cell 60 
poles of different bacteria including the Gram-negative model system E. coli and the Gram-61 
positive model system Bacillus subtilis (3, 4). Several mechanisms have been proposed for 62 
this polar localization. In long filamentous E. coli cells, YFP labelled CheR clusters were 63 
found to assemble with a certain periodicity along the cell axis that corresponds to the 64 
position of future division sites. This model is referred to as the ‘stochastic nucleation model’ 65 
(5-7). Another theory postulated that MCPs preferably assemble at the curved membrane of 66 
cell poles (8). Chemoreceptors form membrane spanning trimers-of-dimers that interact at 67 
their cytoplasmic domain at a slight angle thereby forming a tripod-like configuration (9). 68 
Consequently, the trimer-of-dimers prefer bend membrane areas due to the reduced 69 
curvature mismatch (10, 11). This model was recently supported by mechanically bending of 70 
whole E. coli cells in curved micro-chambers (12), and was also shown to be the main 71 
mechanism by which the chemoreceptor TlpA of B. subtilis is localized (13). However, 72 
another study suggested that polar curvature is not crucial for the localization of 73 
chemoreceptor proteins in E. coli, but that this requires interaction with the Tol-Pal complex 74 
 5 
(14). The trans-envelope Tol-Pal complex is a widely conserved component of the cell 75 
envelope of Gram-negative bacteria, and is involved in several processes among which cell 76 
division (15, 16). In agreement to this, another recent study showed that, at least for the 77 
serine chemoreceptor Tsr, the Tol-Pal complex together with the nucleoid are required for 78 
polar localization, and that nucleoid exclusion is a driving force for polar localization of MCPs 79 
(17). Here, we evaluated the different polar localization models in E. coli using the aspartate 80 
chemoreceptor Tar. We found neither evidence for periodic clustering nor for nucleoid 81 
exclusion, but both membrane curvature and the Tol-Pal system appeared to be required for 82 
polar localization of Tar in E. coli.  83 
 6 
Results 84 
 85 
Stochastic nucleation 86 
The stochastic nucleation model has been based on the formation of large YFP-CheR and 87 
CheY-YFP clusters that were regularly spaced with a periodicity of approximately 1 µm (5). 88 
To confirm that MCPs also produce these regular clusters, the E. coli chemoreceptor Tar 89 
was C-terminally fused with a monomeric GFP variant (mGFP). Since GFP tends to form 90 
weak dimers, monomeric GFP was chosen to prevent possible localization artefacts (18). To 91 
reduce potential artefacts related to protein overexpression, a low copy plasmid with a 92 
weakened IPTG-inducible promoter (pTRC99A (19)) was used to express the fusion protein. 93 
As shown in Fig. 1A, Tar-mGFP shows a classical septal and polar localization pattern. This 94 
localization does not depend on interaction with other chemoreceptors, since expression of 95 
the fusion protein in a MCP deletion strain shows the same localization pattern (Fig. S2C). 96 
The Tar-mGFP fusion protein was active according to a swarming plate assay (14) (Fig. S1). 97 
The expression level was approximately twice that of Tar-mGFP expressed from its native 98 
promoter, but this increased expression did not change the localization pattern (Fig. S2). We 99 
noticed that the use of the native promoter resulted in a substantial variation in expression 100 
levels between cells, and therefore we continued with the IPTG-inducible construct. 101 
 According to the stochastic nucleation model, chemotaxis proteins form large protein 102 
clusters prior to the initiation of cell division. To determine at what time in the cell cycle Tar 103 
accumulates at midcell, we performed a virtual time lapse approach by sorting cells on size 104 
(Fig. 1A, lower panel), and plotting the related fluorescence intensities and cell constriction 105 
(Fig. 1C) (20). As a timer for cell division, we followed the localization of GFP-labelled FtsN, 106 
an essential cell division protein and part of the cell division machinery (21) (Fig. 1B). 107 
Comparison of the localization profiles indicates that Tar appears later at midcell compared 108 
to FtsN, suggesting that clustering of the chemotaxis proteins does not precede recruitment 109 
of FtsN (or the division machinery). To further confirm this, we co-stained FtsZ and FtsN in 110 
cells expressing Tar-mGFP using immunofluorescence (Fig. S3). This double labelling 111 
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experiment clearly showed that Tar-mGFP accumulated at midcell after FtsZ and FtsN.  112 
 To determine whether Tar forms regularly spaced clusters with a periodicity of 113 
around 1 µm in filamentous non-dividing cells, we blocked cell division using the antibiotic 114 
cephalexin, which inactivates the cell division protein FtsI required for septum synthesis (22). 115 
As shown in Fig. 2A & B, no large regularly spaced fluorescent clusters were observed along 116 
the lateral wall of filamentous cells, but the polar clustering remained. Based on these data it 117 
seems unlikely that Tar uses stochastic clustering to accumulate at cell poles. 118 
 119 
Nucleoid exclusion 120 
In a recent report it was suggested that the serine MCP Tsr of E. coli is also driven to cell 121 
poles by the ‘volume exclusion’ effect of the nucleoid (17). To examine whether nucleoids 122 
influence the distribution of Tar, we stained the cephalexin treated cells with the 123 
fluorescence DNA dye DAPI to visualize the nucleoids (Fig. 2B). We could not detect any 124 
correlation with the position of the nucleoids and the density of Tar-mGFP clusters along the 125 
lateral wall (see also line scans in Fig. 2B, and Fig. S4). To corroborate this, cells were 126 
treated with ciprofloxacin, which inhibits DNA gyrase and blocks DNA replication, resulting in 127 
a dense nucleoid at the centre of long cell, since the activated SOS-response also inhibit cell 128 
division (Fig. 2C) (23, 24). Also under these conditions the Tar-mGFP signal was not 129 
reduced at the area occupied by the nucleoid. Thus, at least for Tar, nucleoid exclusion does 130 
not seem to be important for polar localization. 131 
 132 
CheA stimulated clustering 133 
Interaction of MCP trimer-of-dimers is stimulated by dimerization of the kinase CheA, which 134 
binds to the cytoplasmic termini of MCP trimers (2). In fact, we have found that CheA is 135 
essential to maintain polar localization of the chemoreceptor TlpA in B. subtilis (13). 136 
However, it has been shown some time ago that in E. coli CheA is not necessary for the 137 
polar clustering of chemoreceptor (25). Indeed, when we expressed Tar-mGFP in a cheA 138 
deletion mutant background, the protein accumulated at midcell and cell poles (Fig. 3A). 139 
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There is some delay in midcell accumulation of Tar-mGFP compared to wild type cells 140 
(compare with Fig. 1A, and Fig. S3 & S5). This is likely due to reduced clustering of MCP 141 
trimers, and consequently, decreased retention of trimers at midcell. 142 
 143 
Role of Tol-Pal 144 
The trans-envelope Tol-Pal complex, which accumulates at midcell and assist in the division 145 
of the outer cell membrane (16), has been shown to be required for the polar localization of 146 
chemoreceptor proteins, and pulldown experiments suggested an interaction between TolA 147 
and chemoreceptors (14). To verify this, we expressed the Tar-mGFP fusion in a pal 148 
deletion mutant. Indeed, the polar accumulation of the fusion protein was completely 149 
abolished, however, there was still a strong accumulation at midcell (Fig. 3B). When the 150 
fusion protein was expressed in a tolA deletion mutant, a similar localization pattern was 151 
observed (Fig. S6).  152 
 During cell division, the cell membrane will cover the nascent division septum, 153 
thereby creating two flat membranes in close proximity between daughter cells. This will give 154 
a higher fluorescent membrane signal at midcell, so even when Tar is unable to localize and 155 
diffuses freely throughout the cell membrane, the extra cell membranes at the division sites 156 
could, in theory, account for an increase in GFP signal at midcell. To assess this, we 157 
followed the localization of a general transmembrane protein, the glycerol-3-phosphate 158 
transporter GlpT (26), throughout the cell cycle in the pal mutant. Indeed, the GFP signal 159 
showed a slight accumulation at midcell when cells started to divide (Fig. 3C), however, the 160 
signal intensity was much lower compared to that of Tar-mGFP (Fig. 3D), indicating that the 161 
double cell membrane at the division site is not responsible for the strong fluorescence Tar-162 
mGFP signal at midcell in tol-pal mutant cells. 163 
 164 
Membrane curvature 165 
A closer inspection of the pal mutant revealed that the Tar-mGFP signal often appears as 166 
two fluorescent dots at midcell (Fig. 3B), suggesting that Tar accumulates as a ring at 167 
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midcell at the base of the nascent septum. We never observed Tar-mGFP signals of smaller 168 
sizes at midcell, reminiscent to constricting Z-rings, indicating that the fusion protein does 169 
not follow the leading edge of the ingrowing septum. The Tol-Pal complex is recruited to the 170 
division site, and links invagination of the outer membrane with that of the cell membrane 171 
during cell division (16). Inactivation of Tol-Pal delays invagination of the outer membrane 172 
and cell separation, resulting in the formation of a division septum that resembles the septal 173 
cross walls in Gram-positive bacteria (27). The consequence of such mode of division is that 174 
the cell membrane at the transition from the lateral wall to the nascent septal wall is strongly 175 
curved (28). This is where the Tar-mGFP fluorescent signal seems to accumulate in the pal 176 
deletion mutant (Fig. 3B). Presumably, Tar localizes at this region because of the curvature 177 
mismatch generated by the tripod configuration of the trimer-of-dimers in combination with 178 
the stiffness of the dimers (29). Tension in the membrane is released when these tripods 179 
locate to regions of the cell with a corresponding membrane curvature, such as those found 180 
at cell division sites. To confirm this, we introduced a N379R mutation in the trimerization 181 
site of Tar, corresponding to the N381R mutation in Tsr, which has been shown to abolish 182 
trimerization (30). Since single membrane spanning MCP dimers will not deform the 183 
membrane, they should therefore not accumulate at cell division sites when membrane 184 
curvature is the main driver for localization (Fig. 4A). Indeed, the N379R mutation resulted in 185 
the absence of a clear septal and polar fluorescent signal (Fig. 4B). When we increased the 186 
flexibility of the dimers by introducing two glycines at position 249 and 250, creating a stretch 187 
of 3 glycines in the HAMP domain (G248G D249G L250G), Tar was also no longer able to 188 
accumulate at midcell and cell poles (Fig. 4C & D), in line with the assumption that the 189 
unstructured glycine stretch eliminates the membrane curvature preference of the trimer 190 
(Fig. 4A) (12, 13). This delocalization was not a consequence of protein degradation, since 191 
Western blot analysis indicated that the point mutations did not affect stability of the Tar-192 
mGFP fusions (Fig. S7). Finally, when the dimerization and HAMP domain mutants were 193 
expressed in a pal mutant a comparable delocalization was observed (Fig. S8). Thus, 194 
membrane curvature at the division septum seems to drive the localization of Tar trimers-of-195 
 10 
dimers.   196 
 11 
Discussion 197 
 198 
Our data suggests that the MCPs of E. coli and B. subtilis arrive at cell poles by a 199 
comparable mechanism that begins with cell division. First, they accumulate at midcell 200 
where the cell membrane is bend inwards and strongly curved due to synthesis of the 201 
nascent cell division septum. Based on a composite crystal structure the curvature of one 202 
trimer-of-dimers was calculated to amount to a radius of approximately 37 nm (8). Therefore, 203 
the membrane curvature mismatch is reduced considerably when a trimer-of-dimers is 204 
located at the base of the nascent division septum. After septation is completed, B. subtilis 205 
chemoreceptor clusters are maintained at the newly formed poles by forming large protein 206 
clusters that require CheA. However, in E. coli, the Tol-Pal complex is required to keep 207 
chemoreceptors clustered at the newly formed cell poles, instead of CheA. Co-208 
immunoprecipitation experiments have suggested an interaction between this complex and 209 
chemoreceptor proteins (14). Since lateral diffusion of the large trans-envelope Tol-Pal 210 
complex is likely to be hampered by the peptidoglycan layer, interactions between Tol-Pal 211 
and chemoreceptor proteins might anchor MCPs and maintain their polar localization.  212 
 Several papers have argued that the curvature of the E. coli cell pole is sufficient to 213 
attract MCP trimers (8, 12, 31). However, the polar localization of Tar-mGFP is completely 214 
abolished when Tol-Pal is absent. This indicates that the curvature at the cell pole is not 215 
sufficient to markedly reduce the membrane curvature mismatch created by the Tar trimer-216 
of-dimers. This is maybe not so surprising since the cell pole has a curvature with a radius of 217 
approximately 500 nm, which is much larger compared to the 37 nm radius of MCP trimer-218 
of-dimers (8). Moreover, the cylindrical lateral wall has a radius that is comparable to that of 219 
the cell pole, which makes the perceived curvature increase of cell poles even smaller. 220 
 Over the years different mechanisms have been postulated and contradictory results 221 
have been obtained in the research of polar localization of E. coli chemoreceptors. One 222 
possible explanation is that different groups use different protein reporters for 223 
chemoreceptors. In many studies, the cytoplasmic CheR has been used as a proxy for 224 
 12 
chemoreceptor clusters (5, 12, 14), while others have looked directly at the localization of 225 
MCPs (17). Another reason might be the use of fluorescent protein reporters with a tendency 226 
to dimerize, such as YFP and GFP. This characteristic has been shown to cause localization 227 
artefacts, especially when used with proteins that form multimers (18). Finally, we cannot 228 
exclude that different chemoreceptor use different mechanisms for localization. 229 
Nevertheless, both in E. coli and in B. subtilis it appears that the strong curvature generated 230 
during cell division is a key driving force for the localization of MCPs. 231 
  232 
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Materials and methods 233 
 234 
Bacterial strains and growth conditions 235 
All strains used in this study are listed in Table S1. Strains were grown in GB1 minimal 236 
medium (6.33 g/l K2HPO4.3H2O, 2.95 g/l KH2PO4, 1.05 g/l (NH4)2SO4, 0.10 g/l MgSO4.7H2O, 237 
28 mg/l FeSO4.7H2O, 7.10 mg/l Ca(NO3)2.4H2O) supplemented with vitamin B1 (4 mg/ml) 238 
and 0.4 % glucose as carbon-source, as previously described (32, 33). Auxotrophic 239 
BW25113 cells required arginine (50 µg/ml), glutamine (50 µg/ml), uracil (20 µg/ml), and 240 
thymidine (2 µg/ml). Either 100 µg/ml (or 5 µg/ml in cases of pal or tolA mutant) of ampicillin 241 
was added to the growth medium to maintain plasmids. 242 
 243 
Plasmid construction 244 
Purified DNA amplicons were used in a 1:10 molar ratio of vector to insert(s) in Gibson 245 
Assembly reaction (20 µl) at 50oC for 60 minutes. 5 µl of each Gibson Assembly reaction mix 246 
was used to transform ultra-competent E. coli TOP 10 cells. Ultra-competent E. coli TOP 10 247 
cells were prepared as described in Hanahan et al. (34). Plasmids were sequenced to 248 
confirm constructs. Plasmids were transformed into chemically competent BW23115 wild 249 
type or mutant cells, prepared as described in Maniatis et al. (35). Transformants were 250 
selected on selective LB agar plates containing the appropriate concentration of antibiotic. 251 
Oligos (Table S3) and plasmids (Table S2) used in this study are listed in the supplementary 252 
information. 253 
 To construct Tar-mGFP fusion, the point mutation GFP(A206K) was introduced in 254 
plasmid pBAD24-Tar-GFP (36) to prevent dimerization of GFP (18). The mutation was made 255 
by quick change using primer pair GFP(A206K)-for/GFP(A206K)-rev, resulting in plasmid 256 
pBAD24-Tar-mGFP. To express Tar-mGFP from a weakened isopropyl ß-D-thiogalactoside 257 
(IPTG)-inducible promoter (19) and low copy number plasmid, the pBAD promoter was 258 
replaced by the pTRC99A promoter from pSAV57 (32), and the pUC19ori was replaced with 259 
the pSC101 ori from pSEN29 (37). First, pBAD24-Tar-mGFP was linearized by PCR 260 
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amplification using primer pair TerS327/TerS328, then the pSC101 origin was amplified with 261 
primer pair TerS425/TerS426, and subsequently both products were ligated by Gibson 262 
Assembly (38), resulting in plasmid pTNV107 (pBAD24-Tar-mGFP-pSC101 ori). To obtain 263 
the weak IPTG-inducible low copy number plasmid, plasmid pTNV107 was linearized with 264 
primer pair TerS425/TerS507, and the pTRC99A promoter was amplified from pSAV057 265 
using primer pair TerS328/TerS506. The products were ligated using Gibson Assembly, 266 
resulting in pTNV149 (pTRC99A-Tar-mGFP-pSC101 ori). To express Tar-mGFP using 267 
native promoter from the same low copy number plasmid, the pBAD promoter in plasmid 268 
pTNV107 was replaced with the native promoter of tar. To this end, pTNV107 was linearized 269 
with primer pair TerS457/TerS508, and a fragment of tar including its promoter (39) was 270 
amplified from genomic DNA using primer pair TerS509/TerS510. The products were ligated 271 
using Gibson Assembly, resulting in pTNV148 (Ptar-Tar-mGFP pSC101 ori). 272 
To test if curvature caused by trimer-of-dimers is essential for Tar-mGFP localization, 273 
we introduced a N379R point mutation in Tar that abolishes the interaction between dimers. 274 
The primer sets TerS328/TerS517 and TerS425/457 were used to introduce N379R in 275 
pTNV149 (pTRC99A-Tar-mGFP-pSC101 ori) using Gibson Assembly, resulting in plasmid 276 
pTNV154 (pTRC99A-Tar(N379R)-mGFP-pSC101 ori). We also introduced a stretch of 3-277 
glycines in the HAMP domain of Tar to make the dimers flexible. Primer pairs 278 
TerS328/TerS516 and TerS425/515 were used to introduce G248G D249G L250G in Tar in 279 
pTNV149 (pTRC99A-Tar-mGFP-pSC101 ori), resulting in plasmid pTNV153 ((pTRC99A-280 
Tar(G248G D249G L250G-mGFP-pSC101 ori). 281 
To compare midcell localization of Tar-mGFP to divisome assembly, we used the 282 
late cell division protein FtsN fused to monomeric GFP. The mGFP-FtsN fusion was 283 
constructed by PCR amplification of pTNV149 with primer pair TerS418/520, a monomeric 284 
variant of gfp from pTNV100 with primer pair TerS362/521, and ftsN from E. coli genomic 285 
DNA with primer pair TerS523/541 followed by Gibson Assembly, resulting in plasmid 286 
pTNV155 (pTRC99A- mGFP-FtsN-pSC101 ori). 287 
As a control for membrane localization, we constructed a glycerol-3-phosphate 288 
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transporter GlpT-GFP fusion. mGFP-GlpT was made by PCR amplification of pTNV149 with 289 
primer pair TerS418/520, a monomeric variant of gfp from pTNV100 with primer pair 290 
TerS362/521, and glpT from E. coli genomic DNA with primer pair TerS544/545, followed by 291 
Gibson Assembly, resulting in plasmid pTNV162 (pTRC99A- mGFP-GlpT-pSC101 ori). 292 
 293 
Functionality and stability of Tar-mGFP fusions 294 
To test whether the Tar-mGFP fusions are functional we performed a motility swarming 295 
experiment according to Santos et al (14). The motility of ∆mcp cells expressing the wild 296 
type and mutant Tar fusions was tested by spotting 10 µl of culture with a comparable OD600 297 
of ~0.5 on LB plates containing 0.25% agar including 15 µM IPTG for the plasmid containing 298 
strains. 299 
 To check that the Tar-mGFP mutant proteins were not degraded, we performed a 300 
western blot analysis using GFP antibody. The relevant strains were grown and expression 301 
of the fusion protein was induced with 15 µM IPTG for two hours. After correction for optical 302 
density, cells were boiled in Laemmli sample buffer for 15 minutes. 15 µl of each sample 303 
were used for SDS-PAGE. 304 
 305 
Microscopy and image analysis 306 
The virtual time lapse is based on the fact that during steady state growth the average mass 307 
of all cells and their age frequency distribution are constant allowing precise spatio-temporal 308 
information on protein localization during the cell cycle, as described in (40). Steady state 309 
was obtained by growing cells in GB1 medium at 30 oC under shaking (210 rpm) while 310 
keeping OD450 below 0.2 by regular dilution in pre-warmed medium for three days to reach 311 
steady state growth. At steady state, Tar-mGFP was induced with 15 µM of IPTG for at least 312 
two-doubling times. Steady-state cells were centrifuged at 1000 RPM for 2 minutes to bring 313 
the OD450 to ~0.4.  314 
 0.3 µl cells were spotted onto a microscope slide covered with a thin layer of 1.3% 315 
agarose. When applicable, cells were treated with 15 µg/ml cephalexin for 1 to 4 h, or 0.035 316 
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µg/ml ciprofloxacin for 1 h. The presence of the bla gene, encoding beta-lactamase, on the 317 
plasmids did not interfere with the activity of the beta-lactam antibiotic cephalexin. Images 318 
were acquired with 500 ms exposure time for the GFP channel. Fluorescent microscopy was 319 
carried out with a Nikon Eclipse Ti equipped with a CFI Plan Intensilight HG 130 W lamp, a 320 
C11440‐22CU Hamamatsu ORCA camera, and NIS elements software, version 4.20.01. 321 
Images were analysed using Image J v 1.50i (https://imagej.nih.gov/ij/) and the Image J 322 
plugin ObjectJ version 03p (40). 323 
 To construct the localization profiles of the fluorescent signals, images were 324 
analysed using Coli-Inspector in the advanced mode (40). First, phase contrast and 325 
fluorescent channels were aligned using the accompanying macro, then the background of 326 
the fluorescent channels were subtracted using the built-in command of Coli-Inspector. 327 
Secondly, individual cells were selected and manually confirmed. Finally, selected cells were 328 
sorted on length and the related fluorescent signal along the cell axis was also obtained. 329 
 330 
Immunofluorescence labelling of FtsZ and FtsN 331 
Immunofluorescence staining of FtsZ and FtsN was performed as described before (40). 332 
Briefly, 12.2 ml of cells were fixed with 2.8% formaldehyde and 0.04% glutaraldehyde for 15 333 
minutes. Cells were harvested by centrifugation, washed and resuspended in 150 µl PBS 334 
buffer. To permeabilize the cells, the fixed cells were treated with 0.1% Triton X-100/PBS at 335 
room temperature for 45 minutes followed by a triple washing step with PBS. Cells were 336 
then treated with 100 µg/ml lysozyme and 5 mM EDTA at room temperature for 45 minutes, 337 
and subsequently washed 3x with PBS. Prior to labelling, non-specific binding sites were 338 
blocked by incubating cells in 0.5% (w/v) blocking reagents (F. Hoffmann-La Roche) in PBS 339 
at 37 oC for 30 minutes. FtsZ and FtsN were immune-labelled using purified primary 340 
polyclonal antibodies against each protein (40), diluted in 1:500 blocking buffer for an hour at 341 
37 oC. Cells were washed 3x with PBS and subsequently incubated with secondary donkey-342 
-rabbit-CY3 antibody diluted 1:600 in blocking buffer at 37 oC for 30 minutes. Cells were 343 
washed 3x with PBS/0.05% Tween-20, and once with PBS and after resuspension in PBS 344 
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stored in the fridge, ready for immunofluorescence microscopy. 345 
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Figure legends 462 
 463 
Fig. 1. Localization of Tar-mGFP  464 
(A) Fluorescence microscopy image of wild type E. coli cells expressing Tar-mGFP. Lower 465 
panel shows sorted axial fluorescence profiles, indicative for Tar-mGFP localization during 466 
the cell cycle. (B) Fluorescence microscopy image and cell cycle localization profile of cells 467 
expressing mGFP-FtsN. (C) Graphical presentation of cell constriction and fluorescence 468 
signals during the cell cycle calculated from the localization profiles. Age refers to age 469 
classes divided in 5% (cell cycle) bins, see Material and Methods for details. 5074 and 6437 470 
cells were used to construct the cell cycle localization profiles for mGFP-FtsN and Tar-471 
mGFP, respectively. Scale bars are 2 µm. Strains used in A and B are TSE29 and TSE48, 472 
respectively. 473 
 474 
Fig. 2. Tar-mGFP clustering and relation to nucleoid position 475 
(A) Fluorescence microscopy image and localization profile of Tar-mGFP expressing cells 476 
treated with 15 µg/ml cephalexin for 1 h. 1872 cells were used to construct the localization 477 
profile. (B) Fluorescence microscopy image of Tar-mGFP expressing cells treated with 15 478 
µg/ml cephalexin for 3 h. Nucleoids were stained with DAPI. Line scans for the GFP and 479 
DAPI signals are presented below. More examples are shown in Fig. S4. (C) Fluorescence 480 
microscopy image of Tar-mGFP expressing cells treated with 0.035 µg/ml ciprofloxacin for 1 481 
h. Nucleoids were stained with DAPI. Scale bars are 2 µm. Strain used is TSE29. 482 
 483 
Fig. 3. Effect of cheA and pal deletion mutant on Tar-mGFP localization 484 
(A) Fluorescence microscopy image and localization profile of Tar-mGFP expressing cheA 485 
deletion mutant. 5948 cells were used to construct the localization profile. (B) Fluorescence 486 
microscopy image and localization profile of Tar-mGFP expressing pal deletion mutant. 487 
Arrow indicates Tar-mGFP foci. 9044 cells were used to construct the localization profile. (C) 488 
Fluorescence microscopy image and localization profile of mGFP-GlpT expressed in the pal 489 
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deletion mutant. 5214 cells were used to construct the localization profile. (D) Graphical 490 
presentation of fluorescence signals during the pal deletion mutant cell cycle calculated from 491 
the localization profiles. Age refers to age classes divided in 5% (cell cycle) bins. Scale bars 492 
are 2 µm. Strains used in A, B and C are TSE38, TSE31 and TSE71, respectively. 493 
 494 
Fig. 4. Membrane curvature is important for localization 495 
(A) Schematic presentation of the effect of dimerization mutation N379R and the triple 496 
glycine substitution (G248G D249G L250G) on membrane curvature mismatch. (B) 497 
Fluorescence microscopy image and localization profile of Tar(N379R)-mGFP expressing 498 
cells. 7331 cells were used to construct the localization profile. (C) Fluorescence microscopy 499 
image and localization profile of Tar(G248G D249G L2450G)-mGFP expressing cells. 7856 500 
cells were used to construct the localization profile. (D) Graphical presentation of 501 
fluorescence signals during the cell cycle calculated from the localization profiles. Tar-mGFP 502 
panel is the same as in figure 1C. Age refers to age classes divided in 5% (cell cycle) bins. 503 
Scale bars are 2 µm. Used strains in B and C are TSE42 and TSE41, respectively, and in D 504 
strains TSE29, TSE42, TSE41 and TSE67, respectively. 505 
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Supporting Table S1: E. coli strains used in this study. kan: kanamycin, mGFP: monomeric 24 
green fluorescent protein. 25 
26 
strain relevant genotype reference 
BW25113 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, hsdR514 (1) 
TSS688 Δtsr-7028 Δ(tar-tap)5201 Δtrg-100 Δaer-1 (2) 
JW0731-1 BW25113 Δpal-790::kan (1) 
JW0729-3 BW25113 ΔtolA788::kan (1) 
JW1877-1 BW25113 ΔcheA741::kan (1) 
JW1875-5 BW25113 Δtar-739::kan (1) 
TSE24 JW1875-5 / pTNV148 this work 
TSE25 JW1875-5 / pTNV149 this work 
TSE29 BW25113 / pTNV149 this work 
TSE31 JW0731-1 / pTNV149 this work 
TSE32 JW0729-3 / pTNV149 this work 
TSE38 JW1877-1 /pTNV149 this work 
TSE41 BW25113 / pTNV154 this work 
TSE42 BW25113 / pTNV153 this work 
TSE48 BW25113 / pTNV155 this work 
TSE67 BW25113 / pTNV162 this work 
TSE68 JW0731-1 / pTNV153 this work 
TSE69 JW0731-1 / pTNV154 this work 
TSE71 JW0731-1 / pTNV162 this work 
TSE79 TSS688 / pTNV149 this work 
TSE80 TSS688 / pTNV153 this work 
TSE81 TSS688 / pTNV154 this work 
 3
Supporting Table S2: Plasmids used in this study. gfp: green fluorescent protein, mgfp: 27 
monomeric GFP, camR: chloramphenicol acetyltransferase, ampR: β-lactamase TEM-1. 28 
Name  Relevant feature reference 
pBAD24-tar-GFP pBAD-tar-gfp-ampR (3) 
pBAD24-tar-mGFP pBAD-tar-mgfp-ampR this work 
p29SEN Rep101 pSC101 ori ampR (4) 
pSAV57 pTrcDown, p15Aori camR (5) 
pTNV100 amyE3’-spec-PxylR-mgfp-mcs-amyE5’ ampR this work 
pTNV107 pBAD-tar-mgfp-ampR pSC101 ori araC this work 
pTNV148 Ptar-tar-mgfp-ampR-pSC101 ori this work 
pTNV149 Ptrc-tar-mgfp-ampR-pSC101 ori this work 
pTNV153 Ptrc-tar(G248G-D249G-L250G)-mgfp-ampR pSC101 ori this work 
pTNV154 Ptrc-tar(N379R)-mgfp-ampR pSC101 ori this work 
pTNV155 Ptrc-mgfp-ftsN- ampR pSC101 this work 
pTNV162 Ptrc-mgfp-glpT-ampR-pSC101 this work 
 29 
 4
Supporting Table S3: Primers used in this study. 30 
 31 
1: In red codons used to introduce mutations in amino acid sequences.32 
name sequence description 
TerS327 CAGGAAGCGGCTCAGGATCCTGAGTAAACTTGGTCTGACAGT Forward primer to linearize pBAD24-tar-mGFP 
TerS328 CACCGTCATCACCGAAACGCGCGA Reverse primer to linearize pBAD24-tar-mGFP 
TerS362 GGATCCTGAGCCGCTTCCTGA Reverse primer to amplify mgfp from pTNV100 
TerS412 CGCATGGGGAGACCCCACACTACCA Reverse sequencing primer for pBAD vectors 
TerS418 CATGGTGAATTCCTCCTGCTAGCCCA 
Reverse primer to amplify pBAD24 including its RBS and 
start codon 
TerS425 GCGTTTCGGTGATGACGGTGCGGCGGCACCTCGCTAACGGA 
Forward primer to amplify origin of replication of p29SEN 
(pSC101 Ori) 
TerS426 
GGATCCTGAGCCGCTTCCTGC
TTGCGCGCACCGCCCGAACAC
CA 
Reverse primer to amplify origin of replication of p29SEN 
(pSC101 Ori) 
TerS457 GCCGCGGTTGAAGCCGCGCGTGCGGGT Forward primer to amplify tar in pTNV149 
TerS506 GTGTGAAATTGTTATCCGCTCACA 
Reverse primer to amplify Ptrcdown promoter with lacI from 
pSAV057 
TerS507 
GAGCGGATAACAATTTCACACA
CCCGTTTTTTTGGGCTAGCAG
GAGGA 
Forward primer to insert Ptrc-down promoter into pTNV107 
TerS508 CGGCTTGACGGAGTAGCATAGGGT Forward primer to insert tar native promoter into pTNV107 
TerS509 
TATGCTACTCCGTCAAGCCGG
GCGCTGTTAGATAGCGCGGCG
TCAGAAGTGGCGTAA 
Reverse primer to insert tar native promoter into pTNV107 
TerS510 GCCGCCTGGGCGCTGCGACTGGCA Reverse primer to amplify inside tar 
TerS515 CGCAGTGAAATGGGCGGAGGA1 GCGCAGAGCGT 
Forward primer to design Tar(G248G D249G L250G) in 
pTNV149 
TerS516 CTGCGCTCCTCC
1GCCCATTTC
ACTGCGCCCGTCA 
Reverse primer to design Tar(G248G D249G L250G) in 
pTNV149 
TerS517 
CGCGCGGCTTCAACCGCGGCT
CT1CAGCGCGAGGATATTAGTC
T 
Mutagenesis primer to introduce N379R in Tar in pTNV149 
TerS520 
CCGGGCAGGCCATGTCTGCCA
GCGGCCGCGACTCTAGAATTC
G 
Forward primer to linearize pTNV149 
TerS521 
CTAGCAGGAGGAATTCACCAT
GAGCAAAGGAGAAGAACTTTT
CACT 
Forward primer to amplify mgfp from pTNV100 
TerS523 
GGCAGACATGGCCTGCCCGG
GGGGGGGATTTTGAGGGTTTC
A 
Reverse primer to amplify ftsN to design Pspac-msfGFP-
4GS-FtsN 
TerS541 
CAGGAAGCGGCTCAGGATCCG
CACAACGAGATTATGTACGCC
GCA 
Forward primer to create Pspac-msfGFP-4GS-FtsN 
TerS544 
GGCAGACATGGCCTGCCCGG
GCCATTAGCCTCCGTTGCGTT
CTTGCA 
Reverse primer to amplify glpT 
TerS545 
CAGGAAGCGGCTCAGGATCCA
TGTTGAGTATTTTTAAACCAGC
GCCA 
Forward primer to amplify glpT 
GFP(A20
6K)-for 
CCTGTCGACACAATCTAAACTT
TCGAAAGATCCC 
Forward primer to introduce A206K in GFP in pBAD24-tar-
GFP 
GFP(A20
6K)-rev 
GGGATCTTTCGAAAGTTTAGAT
TGTGTCGACAGG 
Reverse primer to introduce A206K in GFP in pBAD24-tar-
GFP 
 5
Fig. S1 33 
 34 
 35 
Fig. S1. Swarming motility assay 36 
Swarming motility assay to test functionality of Tar-mGFP fusions. Representative image of 37 
colonies of E. coli ∆mcp, E. coli BW25113, E. coli BW25113 + Tar-mGFP, E. coli ∆mcp + Tar-38 
mGFP, E. coli ∆mcp + Tar(G488G D249G L250G)-mGFP and E. coli ∆mcp Tar(N379R)-39 
mGFP after 18 hours of growth at 30 oC on swarming motility agar. Fusion proteins were 40 
induced with 15 µM IPTG. Scale bars are 2 cm. Strain used are TSS668, BW25113, TSE29, 41 
TSE79, TSE80, and TSE81.42 
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Fig. S2 43 
 44 
Fig. S2. Tar-mGFP expressed from native promoter and IPTG-inducible promoter. 45 
(A) Westernblot using anti-GFP serum of cell extracts from cells constitutively expressing GFP 46 
(E. coli TOP 10 / pTNV100), ∆tar cells (JW1875-5), and cells expressing Tar-mGFP (TSE25 47 
and TSE24). Tar-mGFP was expressed from the native promotor of tar (strain TSE25) or from 48 
 7
the IPTG-inducible (15 µM IPTG) Ptrc promoter (strain TSE24). The expected size for the 49 
fusion proteins is 87 kDa. Expression from the pBAD promoter is approximately 2x that of the 50 
native promoter. (B) Comparison of Tar-mGFP localization when expressed from the Ptrc 51 
promoter (upper panel) or native promoter (lower panel). 4630 and 4111 cells were used to 52 
contruct the localization profiles, respectively. (C) Phase contrast and fluorescence 53 
microscopy images and localization profile of Tar-mGFP expressed in a ∆mcp mutant lacking 54 
all chemoreceptors (strain TSE79). 2089 cells were used to construct the localization profile. 55 
Scale bar is 2 µm. 56 
 8
Fig.S3  57 
 58 
Fig. S3. Timing of Tar-mGFP midcell localization compared to FtsZ and FtsN. Tar-mGFP 59 
expressing cells were fixed and immune-labelled using FtsZ (A) and FtsN (B) antiserum. Top 60 
panel: fluorescence light microscopy images, middle panel: fluorescence localization profiles, 61 
 9
lower panel: graphical presentation of constriction (phase) and fluorescence signals during 62 
the cell cycle calculated from the localization profiles. Cell age refers to age classes divided 63 
in 5% (cell cycle) bins. 4816 and 3639 cells were used for FtsZ and FtsN labeling, respectively. 64 
Scale bars are 2 µm and the strain used is TSE29. 65 
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Fig. S4 66 
 67 
Fig. S4. Tar-GFP localization is unrelated to nucleoid position 68 
Fluorescence microscopy images of cephalexin treated (4 h) cells expressing Tar-mGFP and 69 
stained with DAPI. Line scans of the GFP and DAPI signals are shown in the right panels. 70 
These images are more examples of cells shown in Fig. 2B in the main text. Scale bars are 2 71 
µm. Strain used is TSE29.72 
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Fig.S5 73 
 74 
 75 
Fig. S5. Timing of Tar-mGFP midcell localization in ∆cheA compared to FtsZ and FtsN. 76 
Tar-mGFP expressing ∆cheA cells were fixed and immune-labelled using FtsZ (A) and FtsN 77 
(B) antiserum. Top panel: fluorescence light microscopy images, middle panel: fluorescence 78 
localization profiles, lower panel: graphical presentation of constriction (phase) and 79 
 12
fluorescence signals during the cell cycle calculated from the localization profiles. Cell age 80 
refers to age classes divided in 5% (cell cycle) bins. 2504 and 3187 cells were used for FtsZ 81 
and FtsN labeling, respectively. Scale bars are 2 µm and the strain used is TSE38. 82 
 83 
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Fig. S6 84 
 85 
Fig S6. Tar-mGFP localization in ∆tolA and ∆pal cells  86 
Fluorescence microscopy image and localization profiles of Tar-mGFP expressed in a ∆tolA 87 
and ∆pal background. 4506 and 9044 cells were used to construct the localization profile for 88 
∆tolA and ∆pal, respectively. The localization profile for ∆pal is the same as in Fig. 3B. Scale 89 
bar is 2 µm. The strains used are TSE31 and TSE32.90 
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Fig. S7 91 
 92 
 93 
 94 
Fig. S7. Stability of Tar-mGFP mutants 95 
Western blot analysis of Tar-mGFP mutants expressed in E. coli. The expected size for the 96 
fusion proteins is 87 kDa. Strains used are BW25113 (wild type), E. coli TOP10/pTNV100 97 
(GFP) TSE29 (Tar-mGFP), TSE41 (Tar(G248G D249G L250G)-mGFP), and TSE42 98 
(Tar(N379R)-mGFP). 99 
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Fig. S8 100 
 101 
Fig. S8 Localization of Tar-mGFP mutants in ∆pal cells 102 
Phase contrast and fluorescence images of ∆pal cells expressing Tar-mGFP, Tar-(G248G 103 
D249G L250G)-mGFP, Tar-(N379R)-mGFP and mGFP-GlpT. Wild type Tar-mGFP 104 
accumulates as two dots (white arrows) in ~47% of cells, while this accumulation was neither 105 
observed for the Tar-mGFP mutants proteins nor for the inner membrane marker mGFP-GlpT. 106 
Strain used are TSE31, TSE68, TSE69, and TSE71. The scale bars are 2 µm. 107 
 108 
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